ABSTRACT: Gold nanoparticles have proven to be promising for decentralized nucleic acid testing by virtue of their simple visual readout and absorbance-based quantification. A major challenge toward their practical application is to achieve ultrasensitive detection without compromising simplicity. The conventional strategy of thermocycling amplification is unfavorable (because of both instrumentation and preparation of thermostable oligonucleotide-modified gold nanoparticle probes). Herein, on the basis of a previously unreported coprecipitation phenomenon between thiolated poly(ethylene glycol)/11-mercaptoundecanoic acid co-modified gold nanoparticles and magnesium pyrophosphate crystals (an isothermal DNA amplification reaction byproduct), a new ultrasensitive and simple DNA assay platform is developed. The binding mechanism underlying the co-precipitation phenomenon is found to be caused by the complexation of carboxyl and pyrophosphate with free magnesium ions. Remarkably, poly(ethylene glycol) does not hinder the binding and effectively stabilizes gold nanoparticles against magnesium ion-induced aggregation (without pyrophosphate). In fact, a similar phenomenon is observed in other poly(ethylene glycol)-and carboxyl-containing nanomaterials. When the gold nanoparticle probe is incorporated into a loop-mediated isothermal amplification reaction, it remains as a red dispersion for a negative sample (in the absence of a target DNA sequence) but appears as a red precipitate for a positive sample (in the presence of a target). This results in a first-of-its-kind gold nanoparticle-based DNA assay platform with isothermal amplification and real-time monitoring capabilities.
■ INTRODUCTION
The ability to perform nucleic acid testing in decentralized settings would bring tremendous benefits to medical diagnostics, food safety control, and environmental surveillance. By eliminating sample transportation to and queuing in central laboratories, timely treatment/response decisions can be made. Gold nanoparticle (AuNP)-based platforms are promising in view of their simple signal readout (visual interpretation or absorbance measurement). For nucleic acid detection, pioneered by Mirkin and co-workers, 1−3 two oligonucleotidemodified AuNP probes (each being complementary to half of a target sequence) are typically included. The two AuNP probes are dispersed in the absence of the target (the solution color appears red for 13 nm AuNPs; the surface plasmon resonance (SPR) absorption peak appears at 520 nm), but they are crosslinked/aggregated by the target (the solution color turns purple; red shift in SPR). Apart from cross-linking, alternative schemes based on non-cross-linking and salt-induced aggregation mechanisms are available. 4, 5 The limits of detection (LODs) of these schemes are in the nanomolar range.
Over the past decade, tremendous efforts have been made to couple AuNP-based detection schemes with target amplification and signal amplification (such as target recycling), thereby achieving thousand-to billion-fold improvements in the LODs. 6−32 Nevertheless, most of these approaches required the separation of the detection step from the amplification step (i.e., postamplification open-tube addition of the AuNP probes), posing a high risk of carryover contamination. The incompatibility of the AuNP probes with the amplification step is due to two main factors: (1) particle aggregation, which occurs upon oligonucleotide desorption at temperatures higher than 70°C and/or by ligand exchange (e.g., dithiothreitol) for oligonucleotide-modified AuNP probes prepared with a monothiol−gold linkage, and (2) enzyme inhibition, which occurs upon adsorption onto a AuNP surface for both oligonucleotide-modified and unmodified AuNPs. The ampli-fication can be classified into thermocycling 6−17 (i.e., polymerase chain reaction and ligation chain reaction) and isothermal 18−32 methods. Several thermocycling-based closedtube assay platforms were realized, with special strategies employed to enhance the thermal and chemical stabilities of the oligonucleotide-modified AuNP probes. 12−14 The need for thermocycling is nonetheless a drawback from an instrumentation point of view. To address this, isothermal amplification is highly desirable. 33 In a previous work, we developed a new type of AuNP probe for use in a closed-tube loop-mediated isothermal amplification (LAMP) assay. 27 LAMP operates at a constant temperature of 60−65°C, generating a billion copies of a specific DNA sequence within 1 h. 34−36 Another favorable feature is the release of pyrophosphate ions (P 2 O 7 4− ) as a reaction byproduct, which complexes with magnesium ions (Mg 2+ ; enzyme cofactor) to form a precipitate (visible to the naked eye only under special lighting conditions). 35 We attempted to make use of Mg 2+ and P 2 O 7 4− to trigger the aggregation and deaggregation of a AuNP probe (11-mercaptoundecanoic acid-modified AuNPs, MUA−AuNPs). When MUA−AuNPs were added into a LAMP reaction mixture, the complexation between Mg 2+ and the carboxyl group (COO − ) of MUA resulted in particle aggregation and a concomitant color change from red to violet-blue. In the absence of the DNA target, a violet-blue precipitate was observed after LAMP. On the other hand, in the presence of the target, the P 2 O 7 4− that was generated formed a stronger complex with Mg 2+ than COO − and thus MUA−AuNPs were partially deaggregated (red-violet precipitate). This assay platform possesses the following advantages: it uses a costeffective probe (MUA versus oligonucleotides with attachment chemistry modification), has simple temperature control, and permits ultrasensitive detection (LOD at the attomolar level). However, only qualitative results were obtained because the precipitated MUA−AuNPs, for both negative (without target) and positive (with target) samples throughout the LAMP reaction, did not facilitate real-time measurement.
In the present work, we report a new type of AuNP probe (co-modified with thiolated poly(ethylene glycol) and MUA, PEG/MUA−AuNPs) that exhibits totally different behavior in Mg 2+ and Mg 2 P 2 O 7 than that of MUA−AuNPs, enabling realtime LAMP monitoring. PEG stabilizes the particles against Mg 2+ -induced aggregation due to steric hindrance and therefore PEG/MUA−AuNPs (red color) remain dispersed in a negative LAMP sample. Remarkably, PEG/MUA−AuNPs bind effectively with Mg 2 P 2 O 7 in a positive LAMP sample, the coprecipitation of which results in a red precipitate. The progress of the LAMP reaction can then be monitored by measuring the absorbance of the supernatant. Such behavior is not unique to PEG/MUA−AuNPs; it resides in the surface functional groups, i.e., PEG and COO − . In this regard, we show that PEGmodified graphene oxide (PEG−GO; GO contains COO − ) behaves almost identically to PEG/MUA−AuNPs. Another endeavor of this work is to develop a simple, hand-held, and low-cost prototype device for carrying out the real-time LAMP assay. The device is composed of three core modules: (1) heating by means of a disposable air-activated hand warmer powder; (2) absorbance measurement using a 520 nm laser diode, a photodiode, and supporting electronics (microcontroller board and battery); and (3) wireless signal transmission (Bluetooth), signal processing, and result display (smartphone).
■ EXPERIMENTAL SECTION
Materials Preparation and Characterization. AuNPs (14 nm in diameter) were synthesized based on the citrate reduction method. 37, 38 The glassware and magnetic stir bar used for the synthesis were cleaned with aqua regia (mixture of concentrated hydrochloric acid and nitric acid in a volume ratio of 3:1), rinsed with water, and dried in an oven. Aqua regia is harmf ul and highly corrosive; hence, it must be handled inside a f ume hood and with adequate personal protective equipment. All chemicals were purchased from Sigma-Aldrich unless otherwise specified. All aqueous solutions were prepared with ultrapure water from a Direct-Q 3 system (Millipore; 18.2 MΩ·cm; fitted with a Millipak Express 20 filter) unless otherwise specified. A solution of hydrogen tetrachloroaurate(III) (50 mL, 0.01 wt %) was boiled under reflux with vigorous stirring. Then, sodium citrate (5 mL, 1 wt %) was added quickly. The solution color changed from pale yellow to deep red within several minutes. Heating and stirring were continued for 10 min, followed by cooling to room temperature under stirring. The AuNP solution was stored at 4°C until use. The size and concentration of the AuNPs were determined according to the method established by Haiss and co-workers based on UV−visible absorbance measurements. 39 UV−visible spectra were acquired using an Ultrospec 2100 pro UV/visible spectrophotometer (GE Healthcare).
For the preparation of PEG/MUA−AuNPs, MUA−AuNPs, and PEG−AuNPs, the as-synthesized AuNP solution was concentrated by centrifuging at 5800 rpm for 45 min (centrifuge 5415 D, Eppendorf), removing the supernatant, and redispersing with ultrapure DNase/ RNase-free distilled water (Invitrogen; one-tenth of the original volume). Stock solutions of thiolated PEG (Laysan Bio; M r of 2000 Da; 10 mM; ultrapure DNase/RNase-free distilled water), MUA (10 mM in dimethyl sulfoxide), phosphate buffer (0.1 M, pH 7.4; ultrapure DNase/RNase-free distilled water), and Tween 20 (1 mg/mL; ultrapure DNase/RNase-free distilled water) were freshly prepared. For PEG/MUA−AuNPs (PEG-to-MUA molar ratio of 2:1), AuNPs (20 nM), thiolated PEG (0.1 mM), MUA (50 μM), phosphate buffer (5 mM), and Tween 20 (10 μg/mL) were mixed (total volume of 400 μL) and incubated for 24 h under shaking at 1400 rpm. PEG/MUA− AuNPs with a 1:10 PEG-to-MUA molar ratio were prepared with 0.1 mM thiolated PEG and 1 mM MUA, and PEG/MUA−AuNPs with a 40:1 PEG-to-MUA molar ratio were prepared with 2 mM thiolated PEG and 50 μM MUA. The preparation of MUA−AuNPs and PEG− AuNPs was similar to that of PEG/MUA−AuNPs except that thiolated PEG was not used for the former and MUA was not used for the latter. The PEG/MUA−AuNP, MUA−AuNP, and PEG−AuNP solutions were stored at room temperature until use. UV−visible spectra of the synthesized PEG/MUA−AuNPs were acquired using an Ultrospec 2100 pro UV/visible spectrophotometer.
GO (carboxyl graphene water dispersion) and pyrene−PEG (M r of 2000 Da) were purchased from ACS Material and Creative PEGWorks, respectively. PEG−GO was prepared by incubating GO (0.5 mg/mL), pyrene−PEG (10 mg/mL), and NaCl (0.154 M) at room temperature for 1 h. Then, centrifugation (13 200 rpm for 1 h) was performed to remove excess pyrene−PEG, and the PEG−GO thus obtained was redispersed in water.
Precipitation , and PEG/MUA−AuNPs were 4 mM, 1.4 mM, and 6 nM, respectively. Similar experiments were carried out with MUA− AuNPs and PEG−AuNPs (6 nM), as well as GO and PEG−GO (50 μg/mL). The samples with MUA−AuNPs were subjected to mild sonication for 10 s after the incubation step. Another set of experiments was included by performing the incubation step (i.e.,
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Research Article forming Mg 2 P 2 O 7 crystals) before the addition of PEG/MUA−AuNPs and MUA−AuNPs, followed by further incubation at room temperature for 1 h. Yet another set of experiments was included to remove free Mg 2+ from the formed Mg 2 P 2 O 7 crystals before the addition of PEG/MUA−AuNPs and MUA−AuNPs (centrifuged at 4000 rpm for 30 s, removed the supernatant, and redispersed in 14 μL of water). Additionally, for PEG/MUA−AuNPs, an experiment was carried out by substituting K 4 P 2 O 7 with dNTPs (New England BioLabs; final concentration of 1.4 mM total or 0.35 mM each).
Samples of MUA−AuNPs, PEG/MUA−AuNPs, Mg 2 P 2 O 7 , MUA− AuNPs with Mg 2 P 2 O 7 (crystals formed before the addition of MUA− AuNPs), and PEG/MUA−AuNPs with Mg 2 P 2 O 7 (crystals formed before the addition of PEG/MUA−AuNPs) were characterized by Fourier transform infrared (FTIR) spectroscopy. The samples were dried in a vacuum oven overnight (each sample was prepared from three identical tubes as described in the previous paragraph). FTIR spectra were acquired in transmission mode using the KBr pellet method (Nicolet iS 50 FT-IR spectrometer, Thermo Scientific).
LAMP. Six primers were used for amplifying lambda DNA according to previously published sequences:
36 FIP: 5′-CAGCC-AGCCGCAGCACGTTCGCTCATAGGAGATATGGTAGAGC-CGC-3′; BIP: 5′-GAGAGAATTTGTACCACCTCCCACCGGG-CACATAGCAGTCCTAGGGACAGT-3′; F3: 5′-GGCTTGGCTC-TGCTAACACGTT-3′; B3: 5′-GGACGTTTGTAATGTCCGCTCC-3′; loop F: 5′-CTGCATACGACGTGTCT-3′; and loop B: 5′-ACCATCTATGACTGTACGCC-3′. The primers were purchased from Integrated DNA Technologies (HPLC-purified). Other LAMP reagents were purchased from New England BioLabs unless otherwise specified. All solutions were prepared with ultrapure DNase/RNasefree distilled water. A 20 μL mixture comprising 1× isothermal amplification buffer (20 mM Tris-HCl, 10 mM (NH 4 ) 2 SO 4 , 50 mM KCl, 2 mM MgSO 4 , 0.1% Tween 20, pH 8.
lambda DNA (100 000 copies for a positive sample, and 0 copies for a negative sample), dNTPs (1.4 mM total or 0.35 mM each unless otherwise specified), Bst 2.0 DNA polymerase (0.32 units/μL), betaine (1 M; Sigma-Aldrich), and PEG/MUA−AuNPs (6 nM) was incubated at 65°C for 1 h (GeneAmp PCR system 9700). Parallel experiments were carried out without PEG/MUA−AuNPs, with MUA−AuNPs, or with PEG−AuNPs. The samples with MUA− AuNPs were subjected to mild sonication for 10 s after the LAMP reaction.
The samples described in the previous paragraph were characterized by transmission electron microscopy (TEM). After the LAMP reaction, the samples were centrifuged at 5800 rpm for 10 min and redispersed in water (repeated three times). Then, the samples (2 μL) were applied onto carbon-coated copper grids, dried under ambient conditions, and examined using a JEM-2100F field emission electron microscope (JEOL).
For specificity evaluation, four different template combinations of lambda DNA (specific template) and pBR322 DNA (nonspecific template) were included. In addition to performing a visual readout, the LAMP reaction products were analyzed by agarose gel electrophoresis. Mixtures of the products (8 μL) and gel loading buffer (BlueJuice, Invitrogen), together with a DNA ladder (low molecular weight DNA ladder, New England BioLabs), were loaded into an agarose gel (2 wt % in 0.5× TBE buffer: 45 mM Tris, 45 mM boric acid, 1 mM EDTA, pH 8.0) and subjected to electrophoresis at 120 V for 1.5 h. Then, the gel was stained with ethidium bromide (0.5 μg/ mL) for 10 min and visualized by a Gel Doc XR+ System (Bio-Rad). For LOD determination, different amounts of the lambda DNA template were tested (0 to 100 000 copies). The amplification results were checked by visual readout, agarose gel electrophoresis analysis, and absorbance measurement. Quantification by absorbance measurement was performed at 10 min intervals. The samples were centrifuged at 4000 rpm for 30 s, the supernatants (14 μL) were collected and diluted with water (56 μL), and the absorbance at 520 nm was measured using an Ultrospec 2100 pro UV/visible spectrophotometer.
Homemade Prototype Device for Real-Time LAMP Assay. Holders for the sample tubes together with the heating powder, two laser diodes, and two photodiodes and their alignment were drawn using SOLIDWORKS 3D CAD software. They were fabricated by a Fortus 400mc 3D printer (Stratasys) using acrylonitrile butadiene styrene. Two 520 nm lasers (HH-520-5) were purchased from the 1688 web store, and two photodiodes (TSL250R-LF) were purchased from RS Components. Two Arduino Uno boards were purchased from Arduino, and one Bluetooth module (HC-05) was purchased from the Taobao web store. Simple output control was encoded into the Arduino boards with the Arduino software platform. All device components were housed within an acrylic case. An Android application was developed with Android Studio and installed in a smartphone to receive, process, and display the signals from the photodiodes via the Bluetooth module.
To perform the real-time LAMP assay with the homemade device, LAMP reaction mixtures were prepared identically to those mentioned in the previous section, except that 15 μL of silicone oil was added to prevent evaporation. Heating powder was prepared by mixing fresh (5.5 g) and used (20 g) powders (Nukupon, Kokubo). The mixed powder was immediately loaded into the sample tubes and heating powder holder. It took ∼10 min for the heating powder to reach 60°C (determined from the time point at which the fresh powder was exposed to ambient air; monitored by a digital multimeter, UT33C, Uni-Trend). Then, the sample tubes were inserted into the holder. The device was turned on and paired to the smartphone to start the measurement.
■ RESULTS AND DISCUSSION
Precipitation Tests with Mg 2 P 2 O 7 . PEG/MUA−AuNPs were prepared by coassembly of thiolated PEG (M r of 2000 Da) and MUA onto 14 nm AuNPs. The surface modification caused only a slight red shift of the SPR absorption peak (524 nm) compared with that of unmodified AuNPs (520 nm), as shown in Figure S1 (Supporting Information). This work was based on the remarkable observation that PEG/MUA−AuNPs remained dispersed in Mg 2+ (red solution; 4 mM Mg 2+ ) but precipitated with Mg 2 P 2 O 7 crystals (red precipitate; 4 mM Mg 2+ and 1.4 mM K 4 P 2 O 7 ) after incubation at 65°C for 1 h (Figure 1b) . These conditions simulated the negative and positive reactions in LAMP, suggesting the feasibility of monitoring the progress of a LAMP reaction in real-time by 
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Research Article measuring the absorbance of the supernatant at 520 nm. It should be pointed out that the co-precipitation rate was temperature-dependent, with a slower rate at a lower temperature (at room temperature, it took 2 h for complete co-precipitation; data not shown). When AuNPs were modified with either MUA (MUA−AuNPs) or thiolated PEG (PEG− AuNPs), the results were completely different (Figure 1b) . For MUA−AuNPs, violet-blue and red-violet precipitates were observed with Mg 2+ and Mg 2 P 2 O 7 , respectively. In a previous work, we made use of this difference to realize an end-point colorimetric LAMP assay platform. 27 The samples were redispersed by sonication to make result interpretation easier (Figure 1c) . In fact, when MUA−AuNPs were added to Mg 2+ as well as Mg 2+ and K 4 P 2 O 7 (Mg 2+ in excess), the solution color changed from red to violet-blue instantaneously as a result of the complexation between Mg 2+ and COO − ( Figure 1a ; the red state in the absence of Mg 2+ is not shown). Then, the violetblue aggregates gradually precipitated. During the thermal incubation step, for the sample with Mg 2+ and K 4 P 2 O 7 , Mg 2 P 2 O 7 crystals were formed, extracting Mg 2+ from the aggregates; thus, the precipitate turned red-violet (presumably due to partial deaggregation). However, it was unclear why the deaggregated MUA−AuNPs remained precipitated. To reveal the exact mechanism, herein, experiments were performed to study the interaction between MUA−AuNPs and Mg 2 P 2 O 7 crystals, as well as the effect of free Mg 2+ on such an interaction. Figure S2a shows that the solution color was red instead of violet-blue when MUA−AuNPs were added to Mg 2+ and K 4 P 2 O 7 (Mg 2+ in excess) after the thermal incubation step (i.e., Mg 2 P 2 O 7 crystals were first formed). This indicates that the Mg 2+ -induced aggregation of MUA−AuNPs no longer occurred. Moreover, the eventual formation of a red precipitate ( Figure S2b) . This was again supported by the formation of a red dispersion without free Mg 2+ ( Figure  S2d ). With Mg 2 P 2 O 7 crystals as the binding site, the steric hindrance by PEG was rendered ineffective (in contrast with the case with PEG on both sides of the AuNPs). Illustrations of the interactions of MUA−AuNP and PEG/MUA−AuNP with Mg 2+ and Mg 2 P 2 O 7 crystals (with and without free Mg 2+ ) are presented in Scheme 1. For PEG−AuNPs, no co-precipitation was observed with Mg 2 P 2 O 7 (red dispersion; Figure 1b) , further confirming the crucial role of COO − in the binding. Not surprisingly, the amounts of PEG and MUA during the preparation of PEG/MUA−AuNPs had a significant impact on the resulting behavior. The optimum PEG-to-MUA molar ratio was 2:1 ( Figure S3 ; a lower ratio behaved like MUA−AuNPs and a higher ratio behaved like PEG−AuNPs). Figure S4 shows the FTIR spectra of Mg 2 (Figure 2a ; brown dispersion). After thermal incubation, the sample with Mg 2+ remained dispersed, whereas the sample with Mg 2 P 2 O 7 appeared as a brown precipitate ( Figure 2b) ; this is consistent with the results for PEG/MUA−AuNPs. The behavior of GO was also studied (in the same manner as the comparison between PEG/MUA−AuNPs and MUA−AuNPs). For GO, the complexation between Mg 2+ and COO − resulted in mild precipitation (Figure 2b ). This implies that the extent of aggregation was less severe with GO than with MUA−AuNPs, which depends on the density of COO − . One minor point to note is that, unlike AuNPs, the aggregation of GO did not involve a color change. With Mg 2 P 2 O 7 , GO was wellprecipitated.
LAMP. Aside from Mg 2 P 2 O 7 -induced precipitation, another prerequisite for monitoring LAMP with PEG/MUA−AuNPs is the inability of all reaction components to trigger precipitation, particularly deoxynucleoside triphosphates (dNTPs; precursor of P 2 O 7
4−
). As shown in Figure S5 , PEG/MUA−AuNPs remained dispersed with dNTPs after thermal incubation. Next, the main task was to demonstrate a complete assay for the differentiation between negative (the absence of a specific DNA template) and positive (the presence of a specific DNA template) samples. The specific template used in this work was lambda DNA. Figure 3a shows that the LAMP reaction mixtures containing PEG/MUA−AuNPs appeared as red dispersions before thermal incubation. After a 1 h incubation at 65°C, as shown in Figure 3b , the negative sample remained dispersed, whereas the positive sample (with 100 000 copies; 8 fM in a reaction volume of 20 μL) appeared as a red precipitate. It should be noted that the concentration of dNTPs (1.4 mM total or 0.35 mM each) was optimized to achieve complete/ nearly complete precipitation of PEG/MUA−AuNPs in the positive sample ( Figure S6 ). With 2 mM Mg 2+ (standard concentration in 1× isothermal amplification buffer), a lower concentration of dNTPs (half of the optimum one) resulted in incomplete precipitation (less Mg 2 P 2 O 7 crystals were formed), whereas a higher concentration of dNTPs (double the optimum one) resulted in no precipitation (no free Mg 2+ due to the excess dNTPs). Experiments were also carried out without AuNPs, with MUA−AuNPs, or with PEG−AuNPs to better illustrate the advantage of PEG/MUA−AuNPs ( Figures  3 and S7a) . Without AuNPs, under ambient light conditions, it was very difficult to discern the white precipitate in the positive sample. With MUA−AuNPs, the negative (violet-blue precipitate) and positive (red-violet precipitate) samples were distinguishable only after mild sonication. With PEG−AuNPs, there was no difference between the negative and positive samples (red dispersions in both cases). These reaction products were further analyzed by TEM. In all of the positive samples, Mg 2 P 2 O 7 crystals were formed (size ∼ 1 μm; likely to be clusters of platelets and needles; 42 Figures 4b,d,f and S7c). Another important aspect was the different behavior of the three types of AuNPs: MUA−AuNPs were bound to the Mg 2 P 2 O 7 crystals in a partially aggregated manner (more precisely, partially deaggregated as compared with those in the negative sample; Figures 4c,d) , PEG/MUA−AuNPs were bound to the Mg 2 P 2 O 7 crystals in a dispersed manner (Figure  4f) , and PEG−AuNPs were not bound to the Mg 2 P 2 O 7 crystals ( Figure S7c) .
The performance of the assay in terms of specificity, dynamic range, and LOD was then assessed. For specificity evaluation, lambda DNA and pBR322 DNA were used as specific and nonspecific templates, respectively. Figure 5a shows that the sample containing the nonspecific template (100 000 copies) remained as a red dispersion, just like the sample without both templates. Moreover, the samples containing only the specific template as well as both the specific and nonspecific templates appeared as red precipitates. The amplification results were confirmed by agarose gel electrophoresis analysis of the reaction products ( Figure S8 ). As expected, characteristic ladder-like LAMP products were observed only in samples containing the specific templates. It should be pointed out that the results were similar to those of the controls without PEG/ 
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Research Article MUA−AuNPs, illustrating the excellent compatibility of PEG/ MUA−AuNPs with LAMP. For dynamic range and LOD determination, different amounts of lambda DNA (0 to 100 000 copies) were tested. Figure 5b shows that the samples with 100 copies or less of lambda DNA appeared as red dispersions, whereas the samples with 1000 copies or more appeared as red precipitates. The amplification results were again confirmed by agarose gel electrophoresis analysis ( Figure S9 ). The precipitation process was monitored by measuring the absorbance of the supernatant at 10 min intervals (520 nm; the samples were briefly centrifuged to remove the formed Mg 2 P 2 O 7 crystals along with the bound PEG/MUA−AuNPs). As shown in Figure 5c , for the samples with 1000 copies or more of lambda DNA, there was a sharp change in the absorbance from 20 to 30 min. A calibration plot of absorbance change versus target copy number with a reaction time of 30 min is given in Figure 5d (a photograph of the samples is given in Figure S10 ), indicating a dynamic range of more than 2 orders of magnitude and an LOD of 500 copies (∼40 aM; reaction volume of 20 μL).
Homemade Prototype Device for Real-Time LAMP Assay. To demonstrate the applicability of the developed assay scheme for decentralized DNA testing, a simple, palm-sized, and low-cost prototype device was built to provide the two essential elements: a reaction temperature of 60−65°C (achieved using a disposable air-activated hand warmer powder) and the ability to measure the absorbance in realtime (520 nm laser diode, photodiode, and supporting electronics). Several plastic parts were specially designed to hold two sample tubes together with heating powder, two laser diodes, and two photodiodes (Figure 6a ). These parts were fabricated by 3D printing and assembled using an alignment holder. The sample tubes and heating powder holder had two important features: (1) a small channel (cross-sectional area of 1.5 mm 2 ) to direct the light beam through the sample (at halfheight) and (2) the bottom portion of the sample tube (i.e., up to the height of the LAMP reaction mixture) was in contact with the heating powder (except for the area occupied by the light beam channel). The two laser diodes were controlled by one Arduino Uno microcontroller board, and the two photodiodes as well as a Bluetooth module were controlled by another Arduino Uno microcontroller board. Each board was powered by a 9 V battery. The signals from the photodiodes were sent wirelessly via Bluetooth to a smartphone for data processing and result display (self-developed Android application). Figure S11 shows that the temperature of the heating powder was maintained between 60 and 65°C for 1 h, providing the optimum conditions for the LAMP reaction. Figure 6b presents the signal−time plots of the samples containing 10 000 and 100 000 copies of lambda DNA using Figure S10 ). The error bars represent the standard deviation of three measurements.
Research Article the homemade prototype device, which are consistent with the results using a benchtop dry block heater and UV−visible spectrophotometer (end-point detection of the supernatant after centrifugation; Figure 5c ).
■ CONCLUSIONS
We showed that PEG/MUA−AuNPs and PEG−GO, both containing PEG and COO . We made use of these properties to achieve real-time monitoring of a LAMP assay using PEG/MUA−AuNPs. This assay platform is highly specific, ultrasensitive (down to 500 copies, ∼40 aM), rapid (30 min), and carryover contamination-free (closedtube). We also developed a simple, palm-sized, and low-cost prototype device to perform the assay. Although only purified DNA templates were tested in the present work, LAMP has proven to be highly tolerant of unpurified samples. 43, 44 Taken together, our platform is readily applicable to decentralized DNA testing. We believe that the dispersion/precipitation mechanism depicted here can be applied to other types of nanomaterials, thereby extending beyond visual/absorbancebased readouts, e.g., semiconductor and graphene quantum dots with a fluorescence readout. Another potential extension of the current platform is to replace PEG with alternative stabilizers. 
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